Abstract-The aim of this paper is to report the results of a propagation measurement experiment to reach a statistical model of the indoor radio channel at 10 GHz using directive antennas at both terminals. The measurements were conducted on a floor of a university building. The distribution of the received fading envelope was tested to fit the Rayleigh and Rician distributions, but were not satisfactory. The Nakagami distribution was found to give an excellent fit with its parameter, , depending on the separation between transmitter and receiver. The results of the level crossing rate (LCR) and the average duration of fades (ADFs) confirmed this result. The effect of using reception diversity to improve the quality of the received fading signal was tested. Frequency, space and polaraization diversity were applied and the cross correlation between the envelopes of the received fading signals (magnitude and power) in the diversity branches was evaluated. The diversity gain achieved was also evaluated. The effect of three different combining techniques (selection, equal gain and maximal ratio) and the effect of applying a global or moving means to the recorded data was studied.
I. INTRODUCTION
T HE aim of narrow-band measurements of a radio channel is to obtain information concerning the behavior of the envelope of the received signal launched into the multipath radio channel while having a bandwidth much smaller than the inverse of the maximum time delay spread in the channel. It is common practice to use a single unmodulated tone to investigate the multipath channel characteristics. We are especially interested in the spatial and temporal variations of the received signal envelope. By spatial variations we mean the variation in the envelope magnitude due to the motion of one (or both) of the terminals (TX and RX). Even small-scale spatial variations may introduce wide variation in the received signal level. Temporal variation in the received signal envelope is due to change in the surrounding environment (movement of other vehicles, persons etc.) with time while both terminals are at rest. The variation of the received signal envelope as described above is termed multipath fading, and it is the principal degrading factor of the signal transmission quality. It is necessary to reach a statistical model that fits the real-world situation to make more realistic evaluations of the performance of transmission systems (modula-tion techniques, channel equalization, etc.) through simulation. Second degree statistics concerning the level crossing rate (LCR) and average fading duration (ADF) are also of importance for channel characterization.
We must distinguish between narrow-band and wide-band characteristics [17] . The finite bandwidth, , of a receiver (RX) leads to an upper bound on the structures in the impulse response. Consider transmitting a pulse over a multipath radio channel. At the RX, not only will a single impulse be received, but several ones, whose amplitudes, number, phases and arrival times depend on the propagation environment. The received train of impulses is termed, the impulse response. Depending on , the RX filtering leads to a smoothing of the impulse response. Let be the maximum observable delay of these received impulses, beyond which the signal components are buried in noise. The terms plays an important role in the measured channel properties. If , all the received impulses will be superimposed in one smeared peak. In this case the channel is not frequency selective, and is termed a narrow-band signal. In the case of a wide-band signal , the resolution is far better, and the individual received impulses, due to individual scatterers, may be identified. Detailed structures in the impulse response are detectable, leading to frequency selectivity. The scattering medium is 'visible' in more detail now. The channel in consideration can be characterized better as regards the number, dimensions, and typical delays of significant scattering centers, since the received impulses with small difference in path length (travel time) can be resolved. The higher the bandwidth, the more details of the scattering environment are visible (the more the received impulses can be identified).
The demand for high data rates and the exhaustive utilization of lower frequency bands (the 800-900 MHz and 1.7-2 GHz bands) have prompted researchers to investigate the appropriateness of the centimeter-and millimeter-wave bands. These higher frequency bands were previously neglected by land mobile researchers because of their high path loss with distance [2] . Ironically, this high path loss constitutes their attraction to microcell system designers who require small area coverage together with broad frequency spectrum available.
One of the important activities of recent years was the definition of a new standard for WLANs at 5.2 GHz by the ETSI Radio Equipment and Systems 10 RES10) called high performance LAN (HIPERLAN) [4] . Other activities can be observed in special-made WLANs offered by individual companies. One of the most important is Motorola's "Altair" system that operates at 18 GHz (a special pioneer frequency allocation, made solely to Motorola) [3] . It is benchmarked at 3.3 Mb/s, despite a claimed maximum performance of 10 Mb/s. Motorola attributes several advantages to using this microwave frequency band, including good signal diffusion properties coupled with containment within building structures and avoidance of interference with commonly encountered office equipment. A second generation Altair-II system is said to approach 10 Mb/s. The link can operate over a diameter of 130 ft in an open area, 65-70 ft in a semi-closed area and only 40-50 ft in an a enclosed space. NCRs WaveLAN system [3] (another example of a WLAN) uses spread spectrum techniques and operates at 900 MHz. It has been benchmarked at 2 Mb/s. It is more susceptible to interference because of its wide spectrum but is has a greater operating range than the Motorola system and is able to operate at 800 ft in the open, 200 ft in semiclosed spaces, and 110 ft in closed spaces. This paper presents measurements from a research campaign launched to investigate the feasibility of 10 GHz band as a candidate for indoor narrow-band and wide-band wireless communications (wide-band results can be found in Part II).
The previous review of present and future systems has shown that the introduction of new systems requires the allocation of new frequency bands to accommodate them. Wide-band services, in particular, require high frequency bands where a wide spectrum is available. Several new frequency bands are being pioneered, especially for WLANs. As was shown, Motorola pioneered the 18 GHz band, and the ETSI is defining a new standard at 5.2 GHz.
These frequency bands were previously neglected by mobile system engineers. According to Lee [2] , mobile transmission cannot be applied at 10 GHz or above because of severe propagation path loss, multipath fading, and rain activity make the medium improper for mobile communications. This argument has little justification in microcells and no justification for picocells in an indoor environment. The advantages of using the 10 GHz band for wireless communications in an indoor channel may be summarized in the following:
• It has a high free-space loss. Its demand for use in outdoor communications is limited, thus it is available for indoor use. It will, also, be suitable for picocells where limited coverage is required. • It has low transmission coefficients through common building materials. Thus coupling between buildings may be neglected. The walls inside a building may be considered roughly to be the boundaries of the cells (a high frequency reuse capability).
• Wide bandwidths are available. For these reasons the investigation of the 10 GHz band is believed to be useful. It will give us insight to the indoor fading channel in a yet-uninvestigated frequency band, and will yield useful information for the design of a WLAN in this band.
This paper presents the measurement results of narrow-band characterization of the indoor wireless channel at 10 GHz, the improvement achieved by space, frequency and polarization diversity systems. Extensive research has been done in this field in the 800-900 MHz and 1.7-2 GHz bands [5] - [7] , [9] . Research has also been done to evaluate diversity systems in these bands [6] , [7] , [10] , [11] . Only recently has interest been directed to the investigation of narrow-band characteristics of higher frequency bands; [8] . investigates the 21.6 and 37.2 GHz bands while [11] invetigates the 60 GHz band. These results, thus, present new knowledge about the behavior of the 10 GHz band in an indoor environment.
One of the methods to decrease the effect of multipath fading is to apply reception diversity, i.e., to receive more than one version of the signal transmitted over the multipath channel and combining them to obtain one signal. It is anticipated that this resulting signal will be superior in quality when compared to the signals received from any single diversity branch if they have uncorrelated (or near uncorrelated) fading characteristics. Space, frequency, and polarization diversity are the most commonly used. The signals obtained from the diversity branches may be combined by selection combining, equal gain combining, and maximal ratio combining.
The paper is organized in the following fashion. Section II describes the measurement environment and the apparatus used. Section III presents the first-order (fading distribution) and second-order (LCR and ADF) statistics.The results concerning the cross-correlation between two reception diversity channel envelopes are presented. Section IV outlines the combinig techniques to be used in Section V which presents the results of evaluating the diversity gain achieved by applying frequency, space, and polarization diversity. Section VI presents the conclusions.
II. EXPERIMENTAL PROCEDURE

A. Measurement Environment
Measurements were conducted on the fourth floor of the Electrical Department building in the Faculty of Engineering, Alexandria University. The floor consists of a long corridor having large classrooms on one side and office rooms on the other. Two large laboratories are attached to it, one to its end and the other to its side. There are two staircases providing skylights through the five floors of the building. Walls are made of cement bricks covered with a thick rough granular coating. The site is permeated with columns of reinforced concrete imbedded in the walls while others stand alone in the hallways and along the staircases. These latter are covered with marble plates. The floor and the ceiling are made of the same reinforced concrete; the floor is covered by cement tiles 40 40 square cm while the ceiling is covered by the same rough coating of the walls. Wooden walls lead from the corridor to the rooms, and the rooms are all lined with windows along the length of the building. The overall length of the building is roughly 133 m and its width ranges from 19 to 35 m. Fig. 10 in Appendix A shows a plan of the floor on which measurements were conducted.
B. Measurement Apparatus
Both TX (transmitter) and RX (receiver) are placed on wheeled carts to facilitate their movement around the floor. The indoor wireless channel is probed by a continuous wave (CW) unmodulated 10 GHz tone generated by an HP83620A synthesized sweeper. Its RF output is connected to a horn antenna mounted on a mast connected to the cart at a height Fig. 11 of Appendix A.
Measurements were carried out with the RX stationary at several locations on the floor while the TX was moved to several locations attached to each RX location. In each test run the TX was moved in a random fashion confined to a small area so as to capture only the small scale fading and not to include the large scale variation of the mean of the signal commonly known as shadowing. The presence of a person moving the cart is analogous to the presence of the holder of the portable unit, thus adding a practical aspect to the measurements. The data yielded through the acquisition system was stored on the PC hard disk for subsequent processing. The sampling rate was chosen to be 500 samples/s. The velocity of motion of the TX was approximately 0.4 m/s, thus about 13.3 wavelengths are traveled per second ( cm) . With our mentioned sampling rate we acquire on the average 37.5 samples per traveled wavelength which allows us to capture even the deep fades. The test run duration was taken to be 30 s. This duration yielded 15 000 samples per channel per test run which was considered sufficient for adequately reliable statistical characterization. This duration is also near the 1 min duration considered the average active session duration in many applications. The channel bandwidth of the spectrum analyzer was taken to be 100 KHz, so as not to suppress any sudden changes in the received signal envelope. Fig. 1 (a) shows a simplified schematic diagram of the basic unit used in measurements. The TX consists of a single synthesized sweeper and the RX consists of a single channeled spectrum analyzer. This setup can obtain information concerning the fading characteristics of the received signal envelope. In our measurements, such a setup was not used. Each setup consisted of two such basic units, yielding two signals that can be combined to investigate the different diversity schemes. Each ob- tained signal, before combining, corresponds to the signal that would have been received from a basic unit setup. Henceforth, a "channel" measurement will indicate the measurements yielded from a single diversity branch before combining.
In the case of frequency diversity, we used two synthesized sweepers tuned to two tones separated by MHz which are combined by an HP11636B power divider/combiner, used here as a combiner, and then transmitted by the same antenna. At the receiver one antenna feeded the received signal to two spectrum analyzers each tuned to one of the transmitted tone. was taken to be equal to 1, 2, 5, 10, 20, 50, and 100 MHz.
In the case of space diversity two horn antennas on two masts separated by cm were connected to two spectrum analyzers likewise configured and connected to two channels on the A/D card.
was taken equal to 7.5, 12, 21, 30, and 45 cm, corresponding to 2.5, 4, 7, 10, and 15 .
In the case of polarization diversity, two similar generated tones were fed to two antennas, one vertically polarized and the other horizontally polarized. At the RX two likewise antennas fed two spectrum analyzers tuned to the same frequency and likewise configured. The two TX and RX antennas are fixed to the same mast but separated in height by 12 cm (with the horizontally polarized antenna the higher). Fig. 1 shows simplified schematic diagrams of the configurations outlined above. Fig. 10 (Appendix A) shows the measurement locations used. At each location, the RX was stationed and the TX was moved to several other locations at different distances, associated with each single RX location.
The RX was located at four different locations (A, B, C, D). The total number of TX locations was 12 (A1, B1, B2, B3, B4, C1, C2, C3, C4, D1, D2, D3).
III. FADING CHARACTERISTICS MEASUREMENT RESULTS
As mentioned above, the auxiliary video output of the spectrum analyzer was sampled at a rate of 500 samples/s for a test run of 30 s. Before combining the two diversity branches, the data recorded for each individual branch was used to determine the fading characteristics of the channel. The data recorded was normalized over the whole test run period (global average) and its cumulative distribution function (cdf) was calculated. This was repeated at 12 different TX locations (associated with four RX locations) for the three diversity schemes. Each test run was repeated twice thus yielding a total of 624 individual branch cdfs. The cdfs were inspected visually and those cdfs whose tails were drenched by the noise floor were discarded. Each cdf was then compared to the corresponding Rayleigh and Rician distributions. The LCR and ADF for each channel were also obtained.
The fading range (the difference between the maximum and minimum recorded samples) of each test run was also determined.
A. Fading Depth
It is a well founded fact that the envelope of a signal transmitted over a mobile channel experiences deep fades associated with the multitude of received fields resulting from the scattering nature of the surrounding environment. The behavior of the signal envelope with time (due to the terminal motion) in our experiment was observed and it was noticed that the worst fades were as deep as 20 dB below the mean value. Only in a few individual cases were fades deeper than 20 dB observed. The average fading range over all test runs was found to be 21 dB Fig. 2 shows a 28-s time recording of the normalized received envelope power. An expanded 4-s time recording of the same envelope is shown in Fig. 3 . The fades occurring in the envelope are the main impairment to the signal. It is the role of diversity techniques to reduce this failure of the received signal.
B. Envelope Fast Fading
The fading of the received CW signal envelope has been studied extensively for narrow-band channels [5] - [13] . As was shown in the previous section, the received signal envelope may be described by a Rayleigh probability density function (pdf) in the case of NLOS cases, while it may be described by a Rician pdf for LOS cases. Such theoretical results have been confirmed by measurements of several researchers in indoor and outdoor channels. Nearly all previous measurements have been done using omnidirectional antennas. Other distributions (such as the Suzuki, lognormal, Nakagami, and Weibull distributions) have been tested in very limited cases to model the fast fading component of the narrow-band channel.
Our data was first tested to fit the Rayleigh and Rician distributions as an initial guess. Each 624 single channel data was averaged by its global mean and then its cdf was compared to the corresponding Rayleigh and Rician cdfs simultaneously. This process showed several interesting results.
The empirical cdf when plotted on a logarithmic scale with the Rayleigh and Rician cdfs showed three distinct categories. It was expected that the empirical cdf would show a good fitting with the Rician distribution since all cases were LOS cases. This was true for some of the empirical cdfs, which constitute the first category. All the cases which displayed a Rician distribution were characterized by a small TX-RX separation [ Fig. 4(a) ]. It was noticed that when a long distance separated the RX from the TX, even in the presence of LOS, the corresponding cdf showed marked discrepancy from the Rician distribution. The measured cdf would follow the Rayleigh distribution and then deviate from it at low power levels to follow the Rician distribution, as shown in Fig. 4(b) . A third category consists of the cases when a longer distance lied between the RX and TX (about 40 m) in presence of LOS. This category had a Rayleigh-like distribution, as shown in Fig. 4(c) .
It must be noticed, however, that the logarithmic scale will show clearly only the tails of the distribution while compressing its upper part that covers the values having high probability of occurrence. These values are clear when representing the cdf on a linear vertical scale. When we compared the empirical cdfs to the Rayleigh and Rician cdfs on a linear scale, it was found that both did not fit. Recent research [17] in the statistics of fading channels have shown that such a result is not surprising since the basic assumptions of the central limit theory (which verifies the Rician and the Rayleigh distributions) are not applicable to most practical cases.
C. The Nakagami Distribution
Another candidate is the Nakagami distribution [14] - [16] . To describe the Rayleigh distribution, the length of the scatter vectors were assumed to be equal and their phases to be random. The Rician differed in the presence of a single dominant scatter vector. A more realistic model, proposed by Nakagami, also permits the length of the scatter vectors to be random. The Nakagami-derived formula for the pdf of the received signal envelope would be given by (1) where is the Gamma function, (i.e., the time average power of the received signal) and (i.e., the inverse of the normalized variance of ), with the constraint (where represents the statistical expectation).
The Nakagami distribution is also called the -distribution. It was developed by Nakagami in the early 1940s who performed an experiment to monitor the fading of HF signals received over long propagation paths (ionospheric and stratospheric propagation). Subsequently, he developed the above stated pdf based on the assumption that the received signal is composed of ( 1) component waves, the amplitudes and phases of which are both random variables. It was also shown that the Nakagami distribution can be applied to the case of a random superposition of random vectorial elements.
The Nakagami distribution contains several other distributions for special cases of . For example, when , the Nakagami distribution becomes a one-sided Gaussian distributed, given by (2) When we put , we obtain the Rayleigh distribution, given by (3) where the variance of the distribution is . The application of the Nakagami distribution in the indoor radio channel has been, in general, neglected. Simulations of the CW envelope fading based on analytical ray tracing techniques showed that the fast fading component was Nakagami-distributed. In [16] another approach was applied. The authors considered, from a theoretical point of view, the propagation process as a complex scattering problem at a rough surface with a possibly strong direct component. TX and RX were assumed generally not to be in the far zone of scattering. The authors reached the Nakagami distribution as an approximation of thesexact distribution due to scattering from a random rough surface. The Nakagami distribution was tested to determine whether it offered a good fit to the empirical data. The values of and were calculated for each test run, and the cdf of the corresponding Nakagami distribution was computed and compared to the empirical cdf. It was found that the Nakagami distribution offered an excellent fit to our measurements when plotted on a linear scale (i.e., for small fading ranges). Fig. 5 shows examples of such a fit. The three curves shown in Fig. 5 correspond to those in Fig. 4 but after using a linear vertical scale. It is clear that the Nakagami distribution is an excellent fit for all three cases. The values of for the three empirical distributions emphasis the previous remarks. The distribution in Fig. 5(a) (Rayleigh-like, large TX-RX separation) has , which is close to the unity value that simplifies the Nakagami distribution to the Rayleigh distribution. The distribution in Fig. 5(b) (Rician-like, small TX-RX separation) has , which marks a strong deviation from the Rayleigh distribution toward the Rician distribution. The distribution in Fig. 5(c) (between the Rayleigh and Rician distributions) has , i.e., intermediate between the previous two cases.
These results were confirmed by repeating the above outlined procedure for all the individual test runs. The results showed that in all cases the Nakagami distribution is an excellent fit, with the parameter depending on TX-RX separation.
A simple physical explanation can be suggested to explain why the Nakagami distribution fits our measurements. All our test runs were performed using directive antennas. The antenna moves in the spatial inhomogenuous multipath field. At any instant the multipath components that reach the RX antenna are weighted according to the antenna pattern values corresponding to their arrival angles with respect to the center of the main beam. Thus, when the RX antenna moves for a small distance (depending on its directivity, or, equivalently, its beamwidth) the received multipath components magnitudes vary correspondingly, leading to the Nakagami situation: the summation of random phasors having random amplitudes and phases. With small TX-RX separation, the movement of the RX antenna will not change the strong LOS component amplitude significantly (the LOS component will be received through an angle only slightly shifted from the antenna axis), resulting in a Rician-like distribution and a large value (i.e., greater than unity) of the parameter. With large TX-RX separation, the movement of the RX antenna may lead to severe decrease in the LOS component amplitude (since it is received through a sidelobe or through the main beam but away from the antenna axis), resulting in a Rayleigh-like distribution and a near unity value for the parameter. This is not the case for omnidirectional antennas, where the received multipath components amplitudes will not change significantly when the RX is moved in a small area (provided that the multipath environment does not change significantly in this small area). Only the phases will change, leading to the multipath phenomenon, with fading characteristics depending on the presence or absence of the LOS component.
D. LCR and ADFs
The LCR and ADF are second order statistics of the received envelope magnitude, since they take into consideration the time dimension. These statistics have a great importance for the design and performance analysis of a mobile radio system [15] . They enable one to get the statistics of burst errors occurring on fading channels. This provides useful information for the design of error-correcting codes. Interleaver size can be optimized based on such statistics. Further, second order fading statistics can be used for systems throughput analysis, and for channel modeling. The evaluation of the LCR and ADF for the indoor radio channel has been, however, very limited.
1) Level Crossing Rate (LCR):
The occurrence of fades leads to sudden changes in the received signal level. But, since the probability of occurrence of deep fades is small, the received signal will rarely reach small values. This property may be quantified by the LCR, NR. It is defined [1] as the expected rate at which the envelope crosses a specified signal level, , in a predetermined direction (either positive or negative). It is given by (4) where is the time derivative of the signal level and is the joint pdf of the received envelope magnitude at and . The above equation has been evaluated for the cases of Rayleigh, Rician and lognormal fading characteristics. The previous subsection indicated that, in our case, the fading characteristics follow the Nakagami distribution. Evaluation of the above equation for the Nakagami distribution has been done very recently [15] . The joint pdf of and at is given by (5) where is the normalized autocorrelation function of the process . It is clear that and are statistically independent and that , where is the Nakagami distribution and is a Gaussian distribution with zero mean and variance . By substituting (5) in (4), and after simple mathematical manipulation, we can reach the following expression: (6) where is the Nakagami distribution (with parameters and ) value at . That is the LCR is also Nakagami distributed, but weighted with the factor in (6), where is the standard deviation of the Gaussian process . The LCR of all individual test runs was computed for levels from 20 to 11 dB with respect to the test run global mean, in 1 dB steps. The empirical LCR was compared to the theoretical LCR computed from (6) . Results of this comparison are shown in Fig. 6 . The cross-correlation coefficient between (the envelope magnitude) and (the time derivative of the envelope magnitude), was computed. All values of were low [as expected from (5)] and below 0.2 (with an average of 0.09 and standard deviation 0.089). The maximum LCR was observed to occur always in the vicinity of the global mean level (0 dBm in Fig. 6 ). The average value of the maximum LCR was 51.45 crossings per second, with a standard deviation of 8.7 crossings per second. Fig. 6 shows three examples of fitting the empirical LCRs to those computed from (6), according to the Nakagami distributions. Fig. 6(a) and (c) represents two of the worst case fittings, while Fig. 6(b) represents a typical fitting. It was found, invariably, that those empirical distributions having a value of near unity (i.e., near the Rayleigh distribution) or having a value of higher than 0.1 were the poorest fits, while the cases having higher than unity and a value of less than 0.1 showed an excellent fit to the theoretical LCR computed from the Nakagami distribution.
2) Average Duration of Fades (ADF):
Another property that helps to quantify the characteristics of a fading channel is the ADF below a specified level. Let be the duration of fade below an arbitrary signal level . Then the ADF below is given by number of fades (7) where is the observation period. With the assumption of a Nakagami-distributed fading envelope, (7) becomes (8) The denominator of (8) has already been evaluated in (6) . The numerator of (8) is the integration of the Nakagami distribution that yields the incomplete gamma function [15] 
The last step in (9) was performed by a simple substitution in variables . The integration in (9) is the incomplete gamma function . Equation (8), thus, takes the final form (10) The empirical values of ADF were computed from the individual test runs normalized to their global means, in the range from 20 to 11 dB, in 1 dB steps. The theoretical values of ADF were computed from (10), under the assumption that the envelope magnitude is Nakagami distributed. Results of our computations for three cases are shown in Fig. 7 . It was found that the theoretical ADF followed the empirical ADF to about 10 of the time of the test run and then deviation occurs between them (when plotted on a linear vertical scale, they would appear to be nearly congruent). There are several reasons for this. For low power levels, as was shown in a previous subsection, the tails of the envelope magnitude distribution do not follow the Nakagami distribution. At these low power levels the noise power becomes effective. Additionally, there is a minimum time resolution for our measurements because of our finite sampling rate (500 samples/s) and our finite test run period (30 s), thus giving us a resolution of of the test run time. A clear relationship between the values of or and the degree of curve fitting was not detected.
E. Envelope Cross-Correlation Coefficient
A crucial factor in diversity action is the cross correlation between the envelopes of the diversity branches. Much of the theoretical work concerned with diversity gain and combination techniques has assumed uncorrelated diversity branches, i.e., independent fading characteristics of branches. Yet, this is not the case in many cases, especially in LOS configurations of the indoor radio channel, where the medium does not provide sufficient scattering to produce uncorrelated signal paths. The presence of cross correlation between signals in diversity branches will increase the probability of simultaneous fading and, hence, degrade the attained diversity gain. This degradation becomes more evident with increasing cross correlation between diversity branches, but is bounded by appropriate limits when the cross-correlation coefficient is less than 0.5 (or 0.7).
The envelope cross-correlation coefficient for all test runs (with the different diversity parameters) was calculated according to the following formula (11) where and represent the instantaneous values of the diversity branch envelopes, and are the mean values of the diversity branches and . Equation (11) was evaluated for several cases. The two diversity branch test runs were averaged over their global means (the mean of the 30-s test run) and the cross-correlation coefficient of the envelope magnitudes, , was computed. The two diversity branches were then averaged over their moving means (calculated by a window of 1000 samples, i.e., a 2-s period), and the cross-correlation coefficient of the envelope magnitudes, , was then calculated. An assumption that is accepted uncritically [10] is that the cross-correlation coefficient of the envelope magnitudes is equivalent to that of the envelope powers. This assumption was put under test by calculating the cross-correlation coefficient of the envelope powers for all test runs (with the different diversity parameters) after normalizing the individual diversity branches by their global and moving means. We, thus, obtain and , correspondingly.
Results concerning and are shown in Table I . Each value in Table I represents the average of the cross-correlation coefficients of all test runs that have the same diversity parameter.
Several conclusions may be drawn from Table I. 1) The cross-correlation coefficients for frequency diversity branches are significantly higher than those of space or polarization diversity. We may suggest here that the gain achieved through frequency diversity will be less than that achieved by space or polarization diversity. 2) The cross-correlation coefficients for frequency diversity for different values of remains high up to 100 MHz. That is the coherence bandwidth is very high since both single tones are still highly correlated (the coherence bandwidth issue will be discussed in more detail in Section II of this paper).
3)
is always less than for frequency diversity branches, but that is not the case for space or polarization diversity where the difference is not significant. We may conclude that for envelopes with high cross correlation . 4) Applying a moving mean gave results differing from those when applying a global mean in only a few individual cases. This confirms that the envelope magnitude average does not change significantly due to small-scale motion. 5) The cross-correlation coefficients in the space diversity measurements remain fairly stable and low while increasing antenna separation (except for the separation case, which is considered a large separation, leading to different diversity paths and, thus, uncorrelated envelopes). This is because we are above the limit above which the envelopes are assumed to be uncorrelated. 6) The polarization diversity branches have low envelope cross correlations. We may expect polarization diversity to yield a high diversity gain.
IV. COMBINATION TECHNIQUES
Three types of combining methods are investigated to determine the improvement each causes to the signal fading statistics: selection, maximal ratio, and equal gain combining [1] , [2] . In the analysis of our results it is assumed that the noise power is the minimum detectable signal power level and that all diversity branches have the same noise power.
1) Selection Combining:
The output signal level, ,can be expressed, for two diversity branches,as (12) where and are the individual diversity branches magnitudes.
2) Maximal Ratio Combining: In this technique, the output signal is a linear combination of all diversity branches with weights proportional to their signal voltage-to-noise power ratios. This technique leads to the highest output signal to noise ratio, but with the disadvantage of complexity of combining circuits. In our case of two diversity branches, the output signal level can be expressed as (13) where and are the above mentioned weighting factors (changing according to the input signals). Under the assumption of equal noise power, we may choose , leading to . Following Turkmani [9] , we will take (14) 3) Equal Gain Combining: To reduce the complexity of providing the variable weights needed in maximal ratio combining, we can use unity weights (or any other constant weights), i.e., equal gains, for all diversity branches, thus yielding an output signal expressed, for two diversity branches, as (15) This technique has a slightly inferior output signal-to-noise ratio (SNR) when compared to maximal ratio combining, but with the advantage of simpler circuit implementation. In our case of two diversity branches, we will take (according to Turkmani [9] ) the output signal to be (16) These three combining techniques were applied to our measured data, where and of the above equations represent the magnitude of the two diversity branches after averaging each to its global mean, to remove any effect of the measuring system components. We, thus, obtain three combined signals, which can be compared to the original individual branches. This procedure was repeated for the two diversity branches averaged by their moving means. The criteria used to quantify the improvement achieved by applying diversity is the diversity gain.
V. DIVERSITY GAIN
In order to evaluate the performance of a certain diversity technique, a figure-of-merit of the system is required. Many definitions and several terms have been proposed, but several researchers [6] - [8] , have accepted the term diversity gain (previously referred to as diversity improvement or local reliability diversity gain [7] ). Todd et al. [7] define diversity gain as the reduction in required transmitter power that achieves the same availability. Turkmani [9] defines it as the difference in signal level of the branch with higher mean and that received at the output of the diversity combiner for a given probability or signal reliability. It is clear that, provided we disregard the discrepancy between the local means of the two diversity branches (which will be very slight, naturally), the two definitions are equivalent, since the terms availability and reliability are essentially the same.
Channel availability [7] (or reliability) can be used as a measure for the performance of the fading channel. It is the percentage of time or physical area in which the received signal level is above a certain required level for good communications. In our analysis of measurement results, the required level for good communications was taken to be the mean value over he period of a test run. We investigated two values of availability, 90% and 95%. The diversity gain, then, is the difference between signal levels of a diversity branch and the combined output at 90% and 95% below the availability of the mean value (or, equivalently, 10% and 5% outage rates).
The diversity gains for all test runs, with different diversity parameters, were calculated after combining the diversity branches by the three above mentioned combining techniques (after averaging the diversity branches to their global and moving means). The obtained results are shown in Table II . Each entry in the table represents the average of all diversity gains having the same parameters (diversity parameter, combining method, and type of averaging).
Several conclusions can be drawn from Table II (a)and (b):
1) The gain achieved by each type of diversity is inversely proportional to the envelope cross-correlation coefficient shown in Table I. 2) The gain achieved for availability 95% is higher than that for 90%. It is expected that the gain will be even higher for higher availabilities. (This was confirmed by calculating the diversity gain for 99% availability in some representative cases, and the results were as expected).
3) The diversity gain attained by space and polarization diversity is greater than that attained by frequency diver- sity (because of the wide coherence bandwidth, as mentioned above). This leads us to the conclusion that space and polarization diversities are the stronger candidates for indoor radio channel diversity (note that there is 3 dB loss in power in polarization diversity). 4) The highest gain in frequency diversity was achieved for the widest frequency separation (100 MHz). In space diversity all gains were high and nearly similar, with the highest gain attained for a spatial separation of (12 cm). 5) There is a significant improvement in the value of diversity gain when applying maximal ratio or equal gain combining with respect to selection combining. The gain achieved after maximal ratio combining is not significantly higher than that achieved after equal gain combining. Thus, we may use equal gain combining, making advantage of the simplicity of the circuit implementation needed.
6) The application of a moving mean nearly always lead to an improvement in diversity gain, by an average amount of 0.5 dB (reaching in some cases more than 1.3 dB). This is an artificial improvement due to the lack of independence between measured points. Fig. 8 shows the improvement in the fading characteristics due to diversity action. Fig. 9 shows the influence of diversity on LCR and ADF. The enhancement of the signal quality is evident. We can notice once again that both equal gain combining and maximal ratio combining give nearly the same results, but both are better than selection combining.
VI. CONCLUSION
In this paper we reported the results of a propagation measurement experiment to reach a statistical model of the indoor radio channel at 10 GHz using directive antennas at both terminals. From the results, the following conclusions are drawn:.
• The received envelope experiences spatial fading with fades as deep as 20 dB below mean value.
• The tails of the fading distibution showed similarity to Rician and Rayleigh distributions (or no similarity) according to TX-RX separation. The main part of the fading distribution was found to follow a Nakagami distributiom with parameter depending on TX-RX separation. • The LCR and ADF predicted according to the Nakagami distribution fitted the experimental data.
• The correlation between two space or diversity reception branches is significantly lower than between two frequency diversity reception branches.
• The diversity gain in case of space or polarization diversity is higher than that of frequency diversity.
• The diversity gain in frequency diversity increases with .
• Diversity gain in space diversity does not show a significant change with increasing above 2.5 wavelength.
• Maximal ratio combining does not give a diversity gain much higher than equal gain combining, but both give results better than selection combining.
APPENDIX A MEASUREMENT LOCATIONS AND EQUIPMENT
TX Movement Description
The operator was standing behind the Tx (the rear side of Tx) while the receiver was in the front side of the Tx. In order not to scan the same point more than once, the Tx was moved in a zigzag way to cover the area of about 0.5 m 0.5 m during each test. So, the Tx was not intentionally returned to the same exact location several times (keeping in mind that the wavelength is 3 cm) . The 1000 samples for a running mean correspond approximately to points of a round trip stroke of the Tx zigzag movement. Fig. 10 shows the locations of the measurements. Fig. 11 shows the radiation pattern of the horn antenna.
